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Objectives. Biologically active polymeric surfactants are a new promising class of macromolecules
that can find application in medicine, cosmetology, and agriculture. In this study, a number of
new biologically active amphiphilic polymers based on branched silatrane-containing polyesters
and polyethers were obtained, and their surface-active properties were investigated.

Methods. The branched polymers were represented by polyethers and polyesters, obtained
respectively via the anionic polymerization of 1,2-epoxypropanol or a combination of equilibrium
polycondensation and ring opening polymerization. The polymers were modified with
3-isocyanopropylsilatrane and trimethylethoxysilane to obtain the amphiphilic compounds
containing silatrane groups bonded to the polymer backbone by the urethane bond. The structure
of the synthesized polymer silatranes was confirmed via nuclear magnetic resonance spectroscopy
and gel permeation chromatography. The surface active properties of all the copolymers obtained
were investigated in connection with their obvious amphiphilicity. In particular, the formation
of micelles in aqueous solutions is such a property. The critical micelle concentrations were
determined by a method of quenching the fluorescence of the polymers.

Results. It was shown that the values of the critical micelle concentrations and the hydrophilic-
lipophilic balance values of polymers determined by the Griffin equation correlate well with each
other. A linear relationship between the hydrophilic-lipophilic balance and the critical micelle
concentrations was established. At the same time, polyether-based polymers generally showed
higher critical micelle concentrations than polyester-based polymers, although the hydrophilic-
lipophilic balance values for polymers of different series, but with close degrees of substitution,
were close. It was found that the use of all synthesized polymers as stabilizers of direct and
reverse emulsions leads to an increase in the aggregative stability of both types of emulsions. The
stability of emulsions depended both on the degree of substitution of peripheral hydroxyl groups
of polymers by silatranes and on the molecular weight and structure of the branched block
of polymers. The stability of direct emulsions increased for all polymers, while that of inverse
emulsions decreased with an increasing degree of substitution of hydroxyl groups by silatranes.
The increase of the branched block molecular weight led to an increase of droplet sizes for both
direct and inverse emulsions. The smallest droplet size for direct and inverse emulsions was
obtained using polymers with low molecular weight branched polyester blocks as surfactants.
Conclusions. The results obtained prove the possibility of creating polymer surfactants containing
silatrane groups. By varying the structure of the polymer, its molecular weight and the degree
of substitution of peripheral functional groups, it is possible to obtain surfactants with desired
surface properties.
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Ienu. Buonozuuecku axmueHsle noaumepHsle ITAB sensitomest HO8biM MHO2000eUaoULUM KAAC-
COM MAKPOMONEKYJl, KOMOPble MO2ym Hallmu npumeHeHue 8 meduyuHe, KoCmMemosozuu, cessc-
Kom xozsiticmee. B 0aHHOM uccniedoeaHul 6blin NoaAyUeH psi0 HOBbIX AMPUPUILHBIX NOSUMEPO8
HQ OCHO8e pa38emesieHHbLX CULAMPAH-COOePIKAULUX NOAUIPUPO8 U UCCe008AHbL UX NO8epX-
HOCMHO-aKmueHble ceoticmaa.

Memoowut. PazgemeanieHHble nosumepsl Obliu npedcmaesieHbl NPOCMbIMU U CLOXKHBIMU NOJU-
agpupamu, Komopble NOAYUANU COOMBEMCMBEHHO CNOCOOOM AHUOHHOU NOAUMEPUIAUUU
1,2-snokcunponarona aubo KombuHayuell pagHo8ecHOl NOAUKOHOEHCAYUU U NOAUMEPUSAUUNL
C packpuimuem yurna. [ns noayueHus am@pupuibHblx coeOUHeHUll, co0eprKauiux cunampa-
Ho8ble 2pynnbl, C83AHHbLE C NONUMEPHBIM KAPKACOM YpemaHoegoll c8s3blo, noaumepsl dbliu
MOOUPUUUPOBAHDBL 3-US0UUAHONPONUNCUNAMPAHOM U MPUMEMUNLIMOKCUCUNAHOM. CmpyKmy-
pa CUHMe3UpPO8AHHBLX NOAUMEPHBLX cUNAMPAH08 bblia noomeeprkoeHa memooamu AMP-cnek-
mpocKkonuu u eenb-npoHukaroweltl xpomamozpaguu. IlogsepxHocmHo-aKkmuegHble ceolicmaa 8cex
NOAYUEHHBbLX CONOAUMEPO8 ObLIU UCCIe008AHbL 8 C8S3U C UX 0Ue8UOHOU amMpupuibHOCMbIO, 8
yacmHocmu, maKum ceolicmeom sieisiemest 0opaszosarue Muyean 8 800HbLx pacmeopax. Memo-
dom 2auileHust payopecyeHyuUl noaumepos obliu onpedesieHbl 8eAUUUHbL KPUMUUECKUX KOH-
ueHmpayuii muyeanoobpaszosarus (KKM).

Pesynemamet. [lokazaHo, umo eenuuursl KKM u onpedesnieHHble 8 coomgemcemaeue ¢ ypasHe-
Huem I'pugppuHra senuuuHbl 2u0podurbHO-UNOPUNBLHO20 banaHca (IAB) 05 noaumepos Kop-
peaupytom, npu smom b6blia ycmarosnieHa AUHEUHAST 3A8UCUMOCTE MeKOY YKA3AHHBbIMU 8e-
auuuHamu. ITornumepsl HA 0OCHO8E NPOCMBLX NOAUIPUPOS 8 ULSIOM NoKa3bleanu bosee gblcokue
3HaueHust KKM, uem nosumepsl HA OCHOBE CJO0IXKHbBLX NOAUIPUPO8, xomsi genuuuHsl [AB das
NOAUMEpPOo8 PA3HbLX cepuli, HO ¢ bAUSKUMU cmeneHsaMU 3ameweHus bbuiu 6arusku. buuto obHa-
PYIKeHO, Umo UCNONb308AHUE 8CEX CUHME3UPOBAHHBIX NOAUMEPO8 8 Kauecmae cmabuniu3amo-
P08 NpAMbLX U 06PAMHBIX IMYALCUT NPUBOOUM K YBEAUUEHUIO azpe2amueHoll ycmoliuusocmu
amyaeculi oboux munos. Ycmoliuugocme 9MYaAbCUll 3a8UCENA KAK OM CmeneHu 3ameuierHus
nepugepuiiHblx 2UOPOKCUNbHBLX 2PYNN NOAUMEPO8 CUNAMPAHAMU, MAK U OM MONEKYJAAPHOU
MACCHL U CMPOEHUsL paszgemesieHHo20 baoKka noaumepos. /lns ecex noaumepos ycmoiuugocms
NPSAMbIX IMYAbCULL 803pacmand, a 0OpamHblX SIMYAbCUL — CHUIKANACL C Y8enuueHuem cmene-
HU 3aMelweHUsl 2UOPOKCUNbHBLX 2pynn cunampaHamu. C yseauueHuem MOoneKyaspHoll Maccol
paszsemesneHH0z20 610Ka pasmepul Kanesib KAk Npsimblx, mak U 06pamHsblx aMYyabCcull yseanu-
yusanuce. HaumeHvwiuii pasmep kaneno npsamoii u obpamHoii amysascuu 6oLt noayueH npu
ucnonvzosaHuu 8 kauecmae ITAB noaumepos ¢ HUSKOMONEKYAAPHbIMU pasgemaseHHblmuU 610-
KaMu HA OCHO8E CJLOAHBLX 3¢hUpos.

Baxnrouenue. [lonyueHHble pe3yibmambl NOKA3bLBAIOM 803MOIKHOCMb CO30AHUSL NOAUMED-
Howx TTAB, codepaxxaujux cunamparossle epynnsl. Bapovupys cmpoerue noaumepa, e2o monexy-
JIPHYIO MACCY U cmeneHsb 3ameweHust nepugepuliHolx PYHKYUOHANbHBLX 2pYNnn, 803MONKHO
nonyuerue ITAB ¢ 3a0aHHbIMU NOBEPXHOCMHBIMU C8OUICMBAMU.
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Introduction

Today, surface active substances (surfactants)
are widely used in the food, cosmetic, perfume,
and pharmacological industries. Moreover, for
biomedical polymer surfactants, properties such as
biocompatibility and the ability to decompose into
non-toxic and easily released compounds are highly
desirable [1]. Polymers, which are surface active
substances, in the synthesis of which hydroxy acids —
lactic, glycolic, etc. were used as reagents, are the most
interesting from the point of view of environmental
safety, since when they decompose, substances are
formed that are products of the metabolism of living
organisms [2, 3]. The attention of many scientists
has been attracted not only by the preparation of
biocompatible surfactants, but also by the synthesis
and study of biologically active surfactants [4]. Such
compounds can be the components of dosage forms
combining high physiological activity and pronounced
transport properties. A number of industrially important
surfactants containing heterocyclic fragments and
exhibiting bactericidal and antimicrobial activity
can serve as an example [8—13]. In addition to the
medical industry, the main consumer of biologically
active surfactants, these compounds may be used in
veterinary medicine and agriculture.

Silatranes are intra-organosilicon esters; their
study was started by academician M.G. Voronkov
in the 1960s [14]. Due to silatranes’ unique
antifungal, antibacterial, anti-inflammatory, antiviral
and antitumor activity, as well as their pronounced
activity in the regulation of plant growth [14-18],
these compounds are used in medicine, cosmetology,
and agriculture. For example, chloromethylsilatran
is known as a highly effective, practically non-toxic,
and easily biodegradable stimulator of crop growth
and productivity [18-20].

However, in the vast majority of studies, the
structure, physicochemical properties, and biological
activity of low molecular weight silatranes were
studied. To date, there are practically no publications
on the biological activity of polymers containing
silatrane fragments, while the study of polymeric
substances including silatrane groups is of great
interest from the point of view of obtaining new
bioactive and surface active polymers, as well as

expanding the range of available pharmacological
agents. To solve this problem, we synthesized a
number of amphiphilic branched polymers containing
polar lateral silatrane fragments, and evaluated their
surface activity.

Materials and Methods

We used 3-isocyanopropyltriethoxysilane (98%),
potassium fert-butanolate (97%) (abcr GmbH,
Germany), triethanolamine (“pure”), diglyme (“pure”)
(Khimmed, Russia), 1,2-epoxypropanol (96%, Sigma-
Aldrich, USA), 1.1.1-tris(hydroxymethyl)propane
(97%), tin(II) 2-ethylhexanoate (Sn(Oct)2) (97%),
trimethylethoxysilane (97%) (Acros Organics, USA),
2.2-bis(hydroxymethyl)butanoic acid (98%, Acros
Organics, USA), diethyltin dicaprylate (DEDCO,
98%, Abika, Russia) without additional processing.
Tetrahydrofuran (THF), benzene, methylene chloride
(Khimmed, Russia), L-lactide (98%, Sigma-Aldrich,
USA) were purified by standard methods [21].

As objects of study, biocompatible branched
polymers were obtained that have different structures
and molecular weights. These polymers were either
polyethers (Scheme 1) or polyesters (Scheme 2), most
of whose functional groups were on the peripheral
part of the macromolecule. The synthesis was
carried out, respectively, by the method of anionic
polymerization of 1,2-epoxypropanol according to
the aforementioned method [22] (Scheme 1), or by
a combination of equilibrium polycondensation and
polymerization with ring opening according to the
procedure [23] (Scheme 2).

The synthesis of low molecular weight
silatrane was carried out by modifying the method
described in [24] (Scheme 3): a solution of
3-isocyanopropyltriethoxysilane (27.3 g, 0.11 mol)
was added to a mixture of triethanolamine (15.0 ml,
16.8 g, 0.11 mol) in benzene (20 ml) and a catalytic
amount (5 mg) of potassium tert-butanolate. The
resulting mixture was heated to 80 °C and silatrane
was synthesized for 10 hours by distillation of an
azeotropic mixture of benzene and ethanol, at the
same time adding to the reaction mixture an equivalent
distilled-off amount of dry benzene. After the reaction,
the silatrane was left in the form of a 2.2 M solution
obtained in the synthesis process, without being
isolated as a solid.
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In the next step, the synthesized polymers
were modified with 3-isocyanopropylsilatrane and
trimethylethoxysilane (Schemes 4, 5) to obtain amphiphilic
compounds.

By varying the ratios of the branched polymer and
silatrane used for the synthesis, we obtained polymers
with different average degrees of substitution of the
hydrophilic groups of branched macromolecules by
silatranes. The reactions were carried out in THF with
constant stirring and a temperature of 25 °C for 4 hours.
In a 50 ml round bottom two-necked flask with a magnetic
stirrer, inert gas injection and reflux condenser, the
hydroxyl-containing polymer and the calculated amount
of DEDCO in 10 ml of THF were dissolved with stirring,
after which a solution of 3-isocyanopropylsilatran in THF
was added. The synthesis was carried out for 60 min at
66 °C, after which a solution of trimethylethoxysilane
excess was added and boiled for another 60 min. After
completion of the reaction, the solvent was removed
and the polymer was purified via dialysis (THF solvent,
“ZelluTrans” dialysis membrane, MVCO 1000 Da) for
24 hours.

The nuclear magnetic resonance (NMR) spectra
were recorded for 10% copolymer solutions in CDCI, on
a Brucker spectrometer with an operating frequency of 'H
—600.22 MHz and "*C — 150.94 MHz (internal standard is
tetramethylsilane) at the Center for Molecule Composition
Studies of the Institute of Organoelement Compounds of
the Russian Academy of Sciences (INEOS RAS).

Gel permeation chromatography (GPC) of the
copolymers was carried out on a Waters 150 chromatograph,
eluent — was THF, the flow rate was 1 ml/min, with the PL-
GEL 5u MIXC column (300 x 7.5 mm), at the Center for
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Molecule Composition Studies of the INEOS RAS.

The value of the hydrophilic-lipophilic balance
(HLB) for the polymer was determined according to
Griffin [25]. The analytical expression of HLB for
surfactant molecules is HLB = 20(M,/M), where M,
and M are the molecular weights of the hydrophobic
fragment and the whole molecule. For all the polymers
studied, the branched macromolecular backbone was
considered as hydrophobic.

The determination of critical micelle concentration
(CMC) was carried out via a method of increasing the
fluorescence in accordance with the procedure [26], using
diphenylhexatriene as a fluorescent label. The fluorescence
spectra were obtained at an excitation wavelength of 366 nm
and a recording wavelength of 430 nm.

Direct emulsions were obtained by dispersing 4 ml of
a 5% copolymer solution in methylene chloride in 40 ml
of water (ultrasonic disperser UZDN-A, 30 s, 15 W). The
concentration in water of all the copolymers for the resulting
emulsions exceeded CMC two-fold. Reverse emulsions
were also obtained by ultrasonic treatment, while 0.1 ml of
water was dispersed in 10 ml of a 5% copolymer solution
(ultrasonic disperser UZDN-A, 30s, 15 W).
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Scheme 5
To determine the average droplet size ofthe emulsion, Results and Discussion
we used a Photocor-FC correlation spectrophotometer
(Photocor Instruments Inc., USA) with a He-Ne laser The branched polymers I-IV were obtained in the
radiation source (Coherent, USA, Model 31-2082, 632.8 form of yellowish solids, readily soluble in THF and
nm, 10 mW). chloroform. The "H-NMR spectra of polyethers T and II
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contain signals of the macromolecule branched core
protons for —~CH,~CH, (0.88 ppm) and —CH,-CH,
(1.37 ppm), characteristic of polyglycerol groups, as
well as a wide multiplet peak typical for signals of the
—CH,~O- and —CH< groups (at 3.00-4.20 ppm). The
"H-NMR spectra of polyesters III, IV contain signals
of proton groups —~CH< and —CH, polylactide units at
5.04 and 1.45 ppm, respectively, as well as signals
characteristic of the protons for the —-CH, and —~CH,

(1.23 and 0.90 ppm, respectively). Since the signals of
the characteristic groups did not overlap in the spectra
of all polymers and it was possible to integrate them,
the ratio of the corresponding groups in the polymer,
the monomer composition, and the molecular weight
of the studied macromolecules were determined based
on integrated signal intensities characteristic for various
comonomers. As can be seen in Table 1, all branched
polymers were obtained in high yield, which implies the

groups of 2,2-bis-(hydroxymethyl)butanoic acid completeness of the synthesis reaction.
Table 1. Characteristics of synthesized branched polymers
. M of copolymer, g/mol
No. Structure of branched polymer Yield,% . M /M **

M NMR % M GPC %%
n n

o o g
I HO{;Og OH

OH
HO
I Ho, ° °>\_\_< 99 2300 2350 1.4

98 4800 4950 1.5

o
oo CH3
| o - /S o
CoHs o o
CH{ O O,
o, o
o
o) e} CH3
HO Q CH3 d Q—<_>—OH
>/-—< oo o o
v o

96 5200 5800 2.3
O HHs TR o
CH{ 2 >_/_<OH

98 2000 2200 1.9

*Determined from the NMR data;
**Determined from the GPC data.

Asaresult ofthe reaction of isocyanatopropylsilatrane
with branched polymers, two series of amphiphilic
compounds with a different structure and composition of
the main polymer chains, as well as with an amount of
side silatrane and trimethylsilyl fragments were obtained.
These polymers were white solid materials, the solubility
of which in water depended strongly on the content of
silatrane fragments. Thus, polymers with an insignificant
(about 10%) content of silatrane groups were poorly soluble
in water, while polymers with 97-100% substitution of
hydroxyl groups with silatrane groups were easily soluble
in water. All amphiphilic polymers were characterized by
NMR spectroscopy and GPC. The degree of substitution
of free hydroxyl groups was characterized using 'H

and quantitative C NMR spectroscopy (Table 2). The
experimentally determined and theoretically calculated
amounts of carboxyl groups substituted by silatranes have
close values, which confirms the correspondence of the
proposed polymer structures to those obtained.

As a result, we obtained polymers with a branched
core formed by polyethers (polymers 1-6) or polyesters
(polymers 7-12) with low (polymers 1-3, 7-9) or high
(polymers 4-6, 10-12) molecular weight. In this case,
polymers 1, 4, 7, 105 2, 5, 8, 11 and 3, 6, 9, 12 differed in
the structure and mass of the branched block, while the
degree of substitution of the hydrophilic groups of the
branched block by silatranes in these series of polymers
were similar.
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Table 2. Characteristics of synthesized polymeric silatranes

. Substitution degree*
Sample No. Branched polymer Yield, % M ** M_/M **

Calculated Measured ! v
1 I 97 30 29 3300 23
2 95 60 57 4300 24
3 96 100 97 5550 2.3
4 11 93 30 28 6950 2.6
5 95 60 57 8900 2.8
6 92 100 93 11550 3.1
7 I 94 30 28 2700 2.8
8 96 60 57 3200 2.6
9 96 100 97 3800 2.7
10 v 97 30 29 11100 32
1 97 60 58 16500 3.1
12 95 100 94 17400 3.4

*Degree of substitution of polymer hydroxyl groups by the silatrane fragments, determined via monomer ratios (Calculated)

and from the NMR data (Measured).
**Values, determined from the GPC data.

In view of the amphiphilicity of the obtained
compounds, their ability to form micelles in aqueous
solutions and the properties of their surface activity
were studied. CMC values were determined by
quenching the fluorescence of polymers. The results
are presented in Table 3 together with the HLB values
determined by the Griffin equation. Based on the
data obtained, it may be noted that the hydrophilic-
lipophilic balance of the copolymers within each series

changed systematically, while the HLB and CMC
values of almost all polymers correlate well with each
other, showing a linear relationship between HLB
and CMC. Moreover, polymers based on polyethers
(polymers 1-6) generally showed higher CMCs
than polymers based on polyesters (polymers 7-12);
although the HLB values for polymers of different
series but with similar degrees of substitution were
close.

Table 3. Surface-active properties of polymeric silatranes

Polymer HLB CMC, mol/L Polymer HLB CMC, mol/L
1 6.1 2.2x10° 7 3.7 1.2x10¢
2 9.3 3.2x10° 8 6.3 8.1x10*
3 11.7 5.8x10"! 9 8.4 2.6x10"!
4 6.2 3.1x10* 10 9.5 9.6x107
5 9.2 6.3x10° 1 13.0 8.7x107
6 11.7 7.1x10" 12 13.3 1.4x10?

Since one of the possible applications for
synthesized copolymers is their use as surfactants
during micro- and nanocapsulation, the study of the
aggregative stability of emulsions stabilized by such
compounds is of great importance. In connection with
this, we evaluated the stability of direct and reverse
emulsions stabilized by polymers 1-12 (Table 4).

It was found that all the copolymers studied were
able to increase the aggregative stability of inverse
emulsions: the size of inverse emulsion droplets in the
presence of polymers 1-12 increased 2.1-6.1 times in

30 minutes, while without the use of polymers the size
of the drops of the emulsion increased by 14.5 times.
The stability of inverse emulsions depended both on the
degree of substitution of peripheral hydroxyl groups of
polymers with silatranes and on the molecular weight
and structure of the branched block of polymers. The
smallest emulsion droplets were obtained when polymers
with a low molecular weight polyester branched block
were used as surfactants. The size of the droplets of
the emulsions increased when increasing the molecular
weight of the branched block. A similar dependence in
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Table 4. Size of the emulsion droplets, obtained from the solutions of polymeric silatranes

Polymer Size of the reverse emulsion droplets (nm), after Size of the direct emulsion droplets (nm), after
1 min 10 min 30 min 1 min 10 min 30 min
—* 58 490 840 175 1080 —**
1 57 211 270 179 580 870
2 58 227 285 175 471 552
3 62 254 328 188 338 470
4 54 191 242 184 479 690
5 56 218 280 180 434 537
6 57 270 350 188 371 430
7 56 118 140 200 437 727
8 55 169 210 191 377 464
9 58 199 250 205 350 416
10 56 209 265 212 570 760
11 56 231 297 200 532 687
12 57 247 321 196 422 596

*Emulsions, obtained without surfactants.
**Water release as a separate phase was observed.

the size of the inverse emulsion’s droplets on the size of
the branched block was also observed in polymers with
a branched block based on simple ether (polymers 1-6).
For all the polymers, the stability of reverse emulsions
decreased with increasing degree of substitution of
hydroxyl groups with silatranes.

All the copolymers studied were able to increase
the aggregative stability of direct emulsions as well: the
sizes of direct emulsion droplets in the presence of 1-12
polymers increased 2.1-4.6 times in 30 minutes, which is
much less than the increase in emulsion droplets without
using polymers. The stability of direct emulsions, as
well as reverse ones, depended both on the degree of
substitution of peripheral hydroxyl groups of polymers
with silatranes and on the molecular weight and structure
of the branched block of polymers. When polymers with
low molecular weight branched polyester blocks were
used as surfactants, emulsions with the smallest droplet
size were obtained: with increasing the molecular weight
of the branched block, the size of the droplets of the
emulsions increased. A similar dependence in the size
of direct emulsion droplets on the size of a branched
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